saturated flow can reliably predict landslide locations for many settings . However, overpredictions (i.e., false positives) are common (Baum et al., 2010) , and accurate forewarning of both the timing and specific locations that fail for a given storm remains difficult. Unsaturated zone hydrologic processes have been a recent focal area for improving understanding and prediction of landslide initiation (Reid et al., 1997; Ng and Shi, 1998; Collins and Znidarcic, 2004; Baum et al., 2010; Sorbino and Nicotera, 2013; Chen et al., 2017; Thomas et al., 2018) .
Unsaturated flow in soil-mantled hillslopes exerts a strong influence on the timing and location of landslide initiation. Determining appropriate soil hydraulic properties, in particular soil-water retention, is a major challenge for parameterizing hydrologic response models that simulate flow through this zone. Perhaps the most important complication for determining unsaturated soil hydraulic properties, relative to landslide initiation, is the difference in water storage and transmission in soils under wetting vs. drying conditions, known as hydraulic hysteresis. The phenomenon of hysteresis has received much attention from unsaturated zone scientists and engineers (e.g., Topp, 1969 Topp, , 1971 Mualem, 1974 Mualem, , 1984 including for landslide initiation applications (e.g., Wheeler et al., 2003; Ma et al., 2011; Tsai, 2011; Likos et al., 2014; Chen et al., 2017) .
Hysteresis has been attributed to the dependence of the water-solid-air contact angle on the rate and direction of contact movement, pore emptying (during drying) and filling (during wetting) being controlled by pore throats and bodies, and air that becomes entrapped during wetting (Bear, 1972) . Maximum storage of water is achieved at complete saturation, when the volumetric soil-water content, q, is equal to the soil porosity. This maximum reproducible q is often referred to as q s D and it defines the upper limit of q on the initial drying soil-water retention curve. Following thorough drying from q s D , a soil-water content q r D , or the so-called residual moisture content, is reached. It is often assumed that q r D is equivalent to q r W , the residual moisture content for the wetting process, and the notation is shortened to q r . Upon wetting, if the pore-water pressure becomes zero at a soil-water content q s W less than q s D , this lack of closure in the soil-water retention curve indicates entrapped air. Drying from q s W follows a primary drying curve. Wetting and drying paths between these primary endmember curves are called scanning curves (see Kool and Parker, 1987; Likos et al., 2014) . Soils infrequently follow the primary wetting or drying curves under natural rainfall and climatic variability. Instead, soil-water retention relations typically lie along the transitional scanning curves. Representation of hysteretic soil-water retention along scanning curves is often achieved by using analytical relations (e.g., Kool and Parker, 1987) with estimates of the soil hydraulic parameters describing the primary wetting and drying curves. The primary wetting and drying curves can be estimated by laboratory or field measurements under conditions of sustained wetting and drying that are assumed to represent the respective endmember behaviors. The importance of accurate representation of hysteretic soil-water retention extends beyond unsaturated flow simulation because of the link between unsaturated-zone hydrologic conditions and effective stress through the concept of suction stress (e.g., Godt, 2008, 2013; Godt et al., 2009; Likos et al., 2014; Chen et al., 2017) . The primary objectives of this work were to: (i) compare laboratory-and field-derived soil-water retention curves and assess any differences including the magnitude of hydraulic hysteresis; and (ii) determine the relative capabilities of the soil hydraulic parameters from laboratory estimates vs. in situ soil-water retention estimates derived from field monitoring for numerically simulating the hydrologic response to rainfall in a landslide-prone environment. An additional objective was to evaluate factors that improve both laboratory and field characterization of soil-water retention for landslide applications, such as what laboratory protocols are essential and if specific hydrologic conditions (i.e., very wet or very dry) are critical. Laboratory measurements and hydrologic response data from a landslide-prone headwaters catchment in the Oregon Coast Range (Smith et al., 2014) provided the foundation for this investigation of soil hydraulic properties and simulated hydrologic response.
Materials and Methods

Field Site
The field site is in the Elliot State Forest within the southern Oregon Coast Range (Fig. 1A) . The Oregon Coast Range trends north-south in the western portion of the state. The underlying bedrock is the Tyee Formation (Baldwin, 1961) , which is primarily marine sandstone with thinner interbedded siltstone layers (Niem and Niem, 1990) . Colluvial and residual soils mantle the landscape ranging in USDA textural classification from gravel to clay loam (Johnson et al., 1994; Soil Survey Staff, 2013) . Soils tend to be low density (<1 g cm −3 in the near surface; Reneau and Dietrich, 1991) , with non-plastic fines, and are well drained as a result of relatively large saturated hydraulic conductivities (1.5-15 cm h −1 ; Soil Survey Staff, 2013). The general soil profile, based on characterization during the excavation of the eight soil pits for instrument installation, has a surface organic layer of litter and duff up to tens of centimeters thick. Beneath the organic layer are horizons of sandy soil that grade into weathered sedimentary bedrock. Soil profile descriptions were summarized by Smith et al. (2014) .
The climate is maritime, with the majority of precipitation falling between October and May. The relatively low elevations (i.e., <600 m) and moderate temperatures usually prevent substantial snowfall (Andrus et al., 2003) . The field instrumentation site is located in a southwest-facing, unchanneled headwater basin with an approximate area of 4350 m 2 . The small, steep (37-45°) catchment has been disturbed by industrial tree harvest (most recently around 2005), and the topography has a variable structure with convergent, planar, and divergent hillslopes (Fig. 1B) . Soil samples for laboratory analyses are taken from the same monitoring basin. The study area meets several criteria for factors promoting slope instability (recent forest harvest activity combined with slopes p. 3 of 15 exceeding 30°) and efficacy of monitoring and sample collection (road access at the upslope portion). More detailed descriptions of the study area were presented by Smith et al. (2014) .
The Oregon Coast Range has been extensively studied with regard to debris flow processes (Benda and Cundy, 1990; Stock and Dietrich, 2003) , hillslope hydrology (e.g., Anderson et al., 1997a Anderson et al., , 1997b Montgomery et al., 1997; Torres et al., 1998; , vegetation contributions to slope stability (e.g., Schmidt et al., 2001; Roering et al., 2003) , and landslide initiation (e.g., Montgomery and Dietrich, 1994; Ebel et al., 2010) . Steep topography, large annual precipitation amounts (often 1500-3000 mm yr −1 ), and periodic tree harvest from industrial forestry promote landslides as a major geomorphic process and natural hazard in this area (e.g., Roering et al., 2003) . The Oregon Coast Range experienced widespread landslides in 1996 in response to major rainfall events, causing five fatalities (Montgomery et al., 2009; Coe et al., 2011) . The study catchment choice reflects prior work in this region given that it was clear-cut logged and replanted between 2004 and 2006 (Fig. 1A) , making it a suitable location to investigate the role of unsaturated zone hydrologic processes in landslide initiation.
Laboratory Characterization
The Transient Water Release and Imbibition Method (TRIM) (Wayllace and Lu, 2012) was used to estimate the soil-water retention curve and hydraulic conductivity function in the laboratory for both wetting and drying conditions. The soil specimens were repacked samples from specific depth ranges at the Elliot State Forest site. Soil samples for the laboratory soil-water retention measurements were taken nearest to the SP2 (0-23-, 23-75-, and 75-155-cm depths) and SP5 soil pits (50-80-cm depth), with soil pit locations shown in Fig.  1B . These sample depths correspond to the organic layer of litter duff (0-23-cm sample at SP2), the darker sandy soil (23-75-cm sample at SP2), and the lighter colored soil with a larger pebble and cobble fraction (50-80-cm sample at SP5 and the 75-155-cm sample at SP2). Particle size distributions were determined for the four samples following the techniques of .
The TRIM method is a multistep inflow and outflow test that, when combined with a numerical solution of Richards' equation describing variably saturated water flow and an inverse solution technique for parameter estimation, provides characterization of unsaturated soil hydraulic properties. A ceramic disk with a high air-entry value bounds the soil sample within the flow cell. Pressure was controlled using two regulators, one from 0 to 15 kPa to identify the air-entry value for coarse-grained soils and one from 10 to 300 kPa to facilitate characterization of soil-water retention. Water flux in and out of the system was measured using an electronic balance to an accuracy of 0.01 g. The water flux measurements were recorded at a temporal discretization of 10 s during rapid changes and up to 10 min during conditions near steady state. Water flows in and out of the reservoir atop the electronic balance, facilitating measurement (by mass) of the volumetric soil-water content of the sample and the water flux (the change in mass with time). The water flux data inform the objective function in the inverse estimation of the soil hydraulic properties, which uses the Levenberg-Marquardt method to minimize the difference between simulated and observed water fluxes for both wetting and drying processes. The finite-element model HYDRUS-1D (Šimůnek et al., 2008a ) was used to simulate variably saturated water flow for the TRIM apparatus subject to the applied initial and boundary conditions, with the water flux corrected for the soil sample cross-sectional area. The soil hydraulic parameters estimated in the inverse procedure were the van Genuchten (1980) parameters a, n, q r , and q s . The van Genuchten (1980) formulation for soil-water retention is given by ( ) ( )
where q is the volumetric soil-water content (cm 3 cm −3 ), y is matric suction (cm), a (cm −1 ) is a parameter related to the inverse of the air-entry value, n is a dimensionless parameter related to the poresize distribution, q r is the residual water content (cm 3 cm −3 ), and q s is the water content at saturation (cm 3 cm −3 ). Note that the van Genuchten (1980) parameter m has been assumed to equal 1 − 1/n, which is consistent with the hydraulic conductivity function from Mualem (1976) . The TRIM procedure also estimates the saturated hydraulic conductivity during the wetting (K s W ) and drying processes (K s D ). Estimation of the van Genuchten parameters facilitates extrapolation of the soil-water retention and hydraulic conductivity functions beyond the 300 kPa of suction used in the TRIM procedure. The TRIM procedure has several important steps that ensure correct measurement of the system response to increments and decrements in applied pressure and corresponding water flux. First, the entire system, both the apparatus and the soil sample, must be completely saturated prior to beginning a drying test. Saturation of the sample is accomplished by applying a vacuum to the top of the sample while de-aired water supplied at the sample base displaces water present in the sample that may contain dissolved air. At least one full pore volume of de-aired water is cycled through the soil sample. Then a small decrease in pressure (i.e., an increase in suction) is applied to cause the soil sample to become unsaturated, beginning the measurement of the unsaturated drying response. Once the system reaches steady state (12-24 h), a further pressure decrease is applied to further desaturate the sample, with the lower limit of applied pressure dictated by the air-entry value of the ceramic stone that bounds the sample (i.e., desaturating the stone affects measurement accuracy). Achieving steady state at the limits of the ceramic stone, typically a pressure of 300 kPa of suction, takes about 48 h. Then the procedure is reversed and a pressure increase is applied (i.e., a smaller suction) and water flows into the sample to characterize soil wetting. This step takes about 7 to 24 h to complete.
Further details on the TRIM procedure and a comparison of TRIM results and soil-water retention curve data using a Tempe cell for a poorly graded sand and a silty clay were shown by Wayllace and Lu (2012) . Multistep outflow experiments coupled with inverse parameter estimation methods, similar to the TRIM technique, have been used successfully to estimate soil-water retention curves and hydraulic conductivity functions for a variety of soil types (e.g., van Dam et al., 1994; Eching et al., 1994) . Soil hydraulic parameters estimated by multistep outflow tests have been compared with the same parameters derived from field data of colocated soil-water content and matric potential measurements and showed reasonable agreement (Marion et al., 1994) . One limitation of the TRIM procedure is the impact of dynamic effects in hydrologic conditions (i.e., rapid pressure changes) that alter inversely estimated soil-water retention curves (Hassanizadeh and Gray, 1993; Wildenschild et al., 2001; Hassanizadeh et al., 2002; O'Carroll et al., 2005) .
Field Measurements
The field data capture the unsaturated zone hydrologic response to rainfall in relatively undisturbed soils. Locations of the field instrument soil pits are shown in Fig. 1A and 1B. The term soil pit is defined in this work as an approximately 1-m-wide area that has soil descriptions and depths characterized at the excavated pit wall, tensiometers installed at the upslope pit edge, and soilwater content sensors installed in the upslope pit wall. Soil-water content (cm 3 cm −3 ) was measured using Decagon Devices EC-5 sensors installed in the soil pits and backfilled (Smith et al., 2014) . The EC-5 sensor response was not calibrated specifically for soils at this site, therefore the factory calibration was used, resulting in approximately 3% error (Decagon Devices, 2018) . Some investigations have suggested that the error in the soil-water content measurements is slightly higher, such as the 4% value noted by Robinson et al. (2008) . The support volume of the Decagon EC-5 is approximately 240 mL (Decagon Devices, 2018) . Tensiometric response was measured using UMS T-8 sensors (±0.5 kPa error; range from −85 to 100 kPa; UMS, 2014) installed in hand-augered inclined boreholes within 1 m of the soil-water content sensors. The tensiometer support volume is difficult to determine and probably depends on hydrologic conditions; in this study it was assumed that the tensiometer support volume is similar to the soil-water content sensors. The tensiometer boreholes are oriented slope normal, and the depth below the land surface used in all analysis reflects the soil depth directly above the tensiometer cup (see Smith et al., 2014) . The tensiometers cavitate and data become unreliable when the pore-water pressure drops below matric suctions of 60 to 80 kPa; those data are subject to large measurement errors (UMS, 2014). Automated data retrieval facilitated trips to the site after tensiometer cavitation to add water in the porous cup once soil-water content sensors indicated sufficient soil wetting to maintain tensiometer integrity. The tensiometer-soil-water content sensor pairs are slightly separated in the vertical direction from 1 to 39 cm of offset (see Table 1 ). Only tensiometer-soil water content sensor pairs with vertical separation distances <20 cm were used for analysis of in situ soil-water retention. Additionally, some of the soil-water content or tensiometer data do not pass quality control criteria (e.g., outside physically possible bounds or instrument failure values) and were excluded from analysis. Table 1 denotes the eight out of 16 tensiometer-soil water content sensor pairs that passed vertical separation distance and quality control criteria. All data were recorded at 15-min temporal resolution on dataloggers. Rainfall was measured using a tipping bucket rain gauge with 0.254 mm per tip (Hydrological Services Pty. Ltd.) at 1 m above the land surface. The timespan of the field data used here is from October 2009 through October 2013. The installation of field sensors was described in detail by Smith et al. (2014) .
Estimates of soil hydraulic parameters from the field data were conducted to compare soil hydraulic parameter estimates from in situ soil-water retention data with laboratory data. The software RETC (van Genuchten et al., 1991) was used to estimate the drying and wetting van Genuchten (1980) soil hydraulic parameters. Noise in the soil-water content data made it challenging to use simple automated criteria (e.g., dq/dt > 0 is wetting) to identify wetting vs. drying data. Efforts to reduce this noise by rounding to the instrument error, restricting to thresholds of dq/dt, temporal subsampling, automated smoothing, and time averaging techniques were not successful. Therefore, time periods of wetting and drying were manually extracted from the 4 yr of field data by visual examination of time series of rainfall and hydrologic response. The data were not separated into training and evaluation data sets because all data were needed to sample as much of the soil-water content and pressure head range as possible for the RETC fitting. The seasonal rainfall of this area promotes drying to relatively dry conditions only one time per year (the end of the rainy season), which often results in tensiometer cavitation, and the tensiometers were not reestablished until wet conditions returned the following fall. RETC can only incorporate 1000 paired soil-water content and matric suction values; therefore, in situ data for wetting or drying at a given soil pit were down-sampled (i.e., every 20th measurement used) to have the total number <1000. The parameters estimated in RETC are the standard van Genuchten (1980) parameters a, n, q r , and q s for both drying and wetting data (see Eq.
[1]). The assumption that the dimensionless van Genuchten fitting parameter m = 1 − 1/n was also made, which reduces the number of free parameters at the expense of constraining the fit between the data and the van Genuchten (1980) relation. Initial estimates of the van Genuchten (1980) parameters were varied in RETC to ensure that the final estimates reflect globally optimal parameter estimates, following the suggestion of van Genuchten et al. (1991) . The objective function in the RETC fitting is the difference between observed and fitted soil-water content, which is minimized using the Marquardt maximum neighborhood method (Marquardt, 1963) using equal weighting of data points. The goodness of fit of the RETC estimates of the van Genuchten (1980) parameters was assessed using the R 2 for the regression of the observed and fitted values, where 1.0 is perfect correlation (van Genuchten et al., 1991) . RETC also calculates upper and lower limits of the 95% confidence interval around the van Genuchten (1980) parameter estimates.
Numerical Model of Unsaturated Water Flow
The one-dimensional (i.e., vertical) numerical model HYDRUS-1D (Šimůnek et al., 2008b ) was used to simulate unsaturated flow at the field site. The model uses the finite-element method to solve the Richards equation. A vertical discretization, Dz, of 1 cm was used along with an adaptive time step, Dt. An atmospheric boundary with surface runoff (Šimůnek et al., 2008a) was used as the surface boundary condition, parameterized with the measured precipitation at the site (Fig. 2) . Evapotranspiration was neglected in the simulations. Prior work focused on hydrologic Table 1 . Instrumented soil pit characteristics, sensor depths, and vertical separation distances between tensiometer and soil-water content measurements. Sensor pairs in bold pass selection criteria for vertical separation distance (<20 cm of separation) and data quality criteria (outside physically possible bounds or instrument failure values). Only these sensor pairs were analyzed in this work; sensor pairs with >20-cm vertical separation distance were not analyzed. Fig. 1B . ‡ The absolute value of the vertical separation distance between the nearest tensiometer and soil-water content sensor at a given depth range. Fig. 2 . Schematic of the HYDRUS-1D model domain and boundary conditions used for both the laboratory-and field-based soil-water retention parameterizations. Precipitation as a function of time is the applied surface boundary condition and if the precipitation rate exceeds the infiltration capacity, surface runoff reduces the flux into the subsurface. The basal boundary condition is free drainage (unity hydraulic gradient). The soil was divided into three layers based on the TRIM characterization and soil profile information at Soil Pit SP2. Soil hydraulic parameters for each model layer are given in Supplemental Table S1 .
response and slope stability in the Oregon Coast Range noted minor errors as a result of neglecting evapotranspiration in hydrologicresponse numerical simulation, with evapotranspiration amounting to 1 to 3% of the annual water balance during the wetter portion of the year, October through May, when slope failures tend to initiate . The basal boundary condition was treated as a free drainage boundary condition (Šimůnek et al., 2008b) set at the 3-m depth, determined by sensitivity analysis to minimally affect the simulated response higher up in the soil column (Fig. 2) . Initial conditions in the subsurface were set using the measured soil-water content data. Hydraulic hysteresis was represented using the Lenhard approach (Šimůnek et al., 2008a ) with a drying initial condition. The goal of the simulations was to compare the simulated hydrologic response to rainfall with the observed response for two scenarios: first with the TRIM parameterization from the laboratory and second with the RETC parametrization from the field data. Because the SP2 instrument soil pit has the most thorough laboratory characterization (Table 2) , the SP2 soil pit was the focus of the HYDRUS-1D simulations. The soil profile of the model domain was established using the soil layering characterization and hydraulic parameters in Table 2 from TRIM, with the exception of the 75-to 155-cm soil profile layer that was set to the RETC estimates from Table 3 for the RETC simulation ( Fig. 2 ; Supplemental Table S1 ). Hydraulic conductivity was assumed to be isotropic and specified using the TRIM estimates from Table  2 (also see Supplemental Table S1 ). The simulated periods for the parameter estimate comparison is 1 Oct. 2010 to 1 June 2011 and 1 Oct. 2011 to 1 June 2012, which encompasses two wet climatic Table 2 . Unsaturated hydraulic parameters † for the van Genuchten (1980) model from the laboratory measurements using the TRIM method (Wayllace and Lu, 2012) . seasons when landslide susceptibility is greater than the drier summer season. Note that HYDRUS-1D is the same numerical flow model used in the TRIM inverse estimation procedure.
Effective Stress Framework and Slope Stability Assessment
Landslide hazard evaluation for variably saturated porous media requires an effective stress framework capable of representing both saturated and unsaturated conditions. The generalized effective stress, s¢, framework 
where s is the total stress, u a is the pore-air pressure, and s S is the suction stress. Suction stress is
where u w is the pore-water pressure and S e is effective saturation:
Typically it is assumed that u atm = u a = 0 (where u atm is the atmospheric pressure, which is the zero reference for gauge pressure).
The infinite slope stability equation can be written (Lu and Godt, 2008) 
where FS is the Factor of Safety, C¢ is effective soil cohesion, g is the soil unit weight, z is the soil thickness, b is the slope angle (°), and f¢ is the angle of internal friction (°). An FS £ 1 indicates incipient failure. Soil depths used to estimate slope stability at the SP2 location are the instrument depths (125 cm at SP2), local slope b is 39° at SP2, g is approximately 15.7 kN m −3 (Montgomery et al., 2009) , C¢ is 4.6 kPa (root and soil) (Montgomery et al., 2009) , and f¢ is 29.1° at SP2 based on direct shear tests (at 10-30 kPa; Smith et al., 2014 [4] to avoid S e exceeding 1. For the estimation of FS from the observed field data, calculation of S e uses q s set equal to the maximum observed q during the period of record (0.432 at the 125-cm depth at SP2) and q r set equal to the minimum observed q during the period of record (0.288 at the 125-cm depth at SP2). Calculation of S e from q in the HYDRUS-1D simulations used q s and q r values from the respective TRIM (laboratory) or RETC (field) values used in the HYDRUS-1D simulations (Supplemental Table S1 ). Increased air pressure (i.e., u a > 0) from air entrapment was not considered in this study, and u a was taken to be zero in Eq.
[3]. The restrictive assumptions associated with the infinite slope approach (Eq.
[5]) were further explained by Ebel et al. (2010) and BeVille et al. (2010) .
6 Results
Laboratory Soil-Water Retention Data
Substantial hydraulic hysteresis is shown in Fig. 3 for three out of the four laboratory soil-water retention curves fit with the van Genuchten (1980) model. The estimated initial drying curve from complete saturation and the main wetting curve indicate hydraulic hysteresis and lack of closure (i.e., q s D ¹ q s W ) for the 0-to 23-, 50-to 80-, and 75-to 155-cm depth samples. The 23-to 75-cm sample shows a smaller degree of hysteresis, and the wetting and drying curves nearly converge at pore-water pressures near zero.
The shallower samples at 0 to 23 and 23 to 75 cm have larger q s D and higher residual water contents relative to the deeper samples. The trend of increasing bulk density with depth in the soil profile shown in Table 2 is reflected in Fig. 3 by reductions in porosity and therefore also q s D and q s W . Note that these four samples were taken from the topographic hollow (see locations of SP2 and SP5 in Fig. 1B) , where landslides commonly initiate.
In Situ Soil-Water Retention Data
There are relatively small differences in total rainfall during the 4 yr of data at the field site. In the 4 yr of field data, total rainfall ranged from a minimum of 1919 mm in hydrologic year 2010 to a maximum in hydrologic year 2013 of 2299 mm (Fig. 4) . The seasonality of yearly rainfall, beginning in mid to late October and largely ending in early to mid June is also shown in Fig. 4 . The small amount of interannual variability suggests that the multiple years of combined data can be used for soil-water retention estimation without climate influences. Figure 5 illustrates the magnitude of hydraulic hysteresis for in situ estimates of soil-water retention and soil hydraulic parameters derived from the in situ soil-water retention data using RETC. Relatively small differences between wetting and drying soil-water retention are shown for all eight of the instrument pairs shown in Fig. 3 . Laboratory soil-water retention estimates from the TRIM method (Wayllace and Lu, 2012) for repacked soil samples from the SP2 and SP5 locations. Fig. 5 . Drying data tended to have better RETC fits than wetting data (based on R 2 values) between observed and estimated soilwater retention with the van Genuchten (1980) approach for the soil pits (Table 3 ). The SP2 drying fitted a value is larger than the wetting a value, which is not physically correct (Table 3) . The SP6 shallow wetting, SP7 shallow wetting, and SP8 deep wetting sensor data fits have poor R 2 values (Table 3) . For the SP6 shallow and particularly at the SP7 shallow soil pit, these poor R 2 values may reflect scatter in data near zero matric suction (Fig. 5) . The SP3, SP6, SP7, and SP8 shallow RETC drying estimates, and the SP8 deep drying sensor data fits have q r values set by RETC during the fitting process (see Table 3 ). Examination of Fig. 5 suggests that this is the result of a lack of an inflection in the field soil-water retention data at higher suctions (i.e., beyond 50 kPa). A clear issue in the RETC fitting is that q s W is often larger than q s D , which is not physically realistic. (1980) model, using the software RETC, to field data for wetting and drying from paired soil-water content sensors and tensiometers. Instrument depths for each soil pit are given in Table 1, and van Genuchten (1980) parameters from RETC are given in Table 3 . Wetting and drying data overlap is partially obscured because drying data are plotted on top of the wetting data. Drying data tended to be at higher suctions because well-defined drying events tended to be in the transition to the dry season when the site was already drying out. Wetting data tended to be at lower suctions because well-defined wetting events tended to be during the winter for prolonged storms. This trend is particularly true for deeper sensors. The earliest storm in each season, when you would expect wetting events at high suctions, tended to take place when the tensiometers were at or exceeding the cavitation limit but were not reestablished. Larger versions of each panel, to show more details, are shown in Supplemental  Fig. S2A to S2H.
Differences between the TRIM soil-water retention estimates from the laboratory and RETC estimates derived from field data are most pronounced in the dry regions of high suction (Fig. 6) for the SP2 and SP5 locations. For the SP2 location portions of the soil-water retention curve corresponding to low suction (wet conditions), the RETC estimates for both wetting and drying curves from field data are similar to the drying data from the TRIM laboratory estimates. By contrast, at the SP5 location, portions of the soil-water retention curve corresponding to low suction are more similar to the wetting data from TRIM. Overall, there is more pronounced hysteresis in soil-water retention in the TRIM estimates relative to the field data based RETC estimates.
Numerical Simulation Comparison of Hydraulic Parameter Estimation
Numerical simulations of the hydrologic response to rainfall show the value of the field instruments for estimating unsaturated hydraulic parameters. Figure 7 shows the graph of the simulated and observed hydrologic response, both soil-water content and matric suction, during the wetter portions of hydrologic years 2011 and 2012 (November-May). The simulations based on the RETC-estimated parameters more closely match the observed data than the TRIM estimates from the laboratory. Measured soilwater content values remain elevated above 0.3 cm 3 cm −3 during the wet season; the RETC-based simulation mimics this observed behavior, while the TRIM-based simulation is considerably drier (Fig. 7) . The same trend is shown in Fig. 7 for matric suction, where the RETC-based simulation remains between 0 and 10 kPa of suction, similar to the measured field data, while the TRIM-based simulated values are considerably drier and often exceed 10 kPa of suction. Rises in soil-water content following rainfall are spikier in both the observed record and the RETC-based simulation but more subdued in the TRIM-based simulation. These differences in hydrologic simulation fidelity translate into differences in slope failure estimation, as shown by smaller FS values for the RETC-based simulations from field data, which are similar to the FS values estimated from observations, compared with the TRIM-based simulations (Fig. 7) . The improvements in simulated soil-water content, suction, and FS are not present solely in the seasonal trends shown in Fig. 7 but also at shorter timescales of brief precipitation events associated with slope instability. An example rainstorm from 28-31 Dec. 2012 shows the vast improvement in timing and magnitude of soil-water content, suction, and FS simulated values comparing the RETC field-based simulations with the TRIM laboratory-based HYDRUS-1D simulations relative to the FS calculated from observed values (Fig. 8) .
Discussion
Comparison between Previous Laboratory and Field Observations of Soil-Water Retention
The laboratory measurements and the in situ estimates of soil-water retention curves are substantially different in some cases, with the laboratory data showing more pronounced hydraulic hysteresis than the field observations (Fig. 6) . Comparison between laboratory and field-derived soil-water retention curves can produce a mismatch. For example, Li et al. (2005) compared field and laboratory data derived soil-water retention curves and found that the field data showed negligible hysteresis while the laboratory data showed pronounced hysteresis. The work by Bittelli et al. (2012) showed considerable scatter for in situ soil-water retention curves relative to laboratory measurements; however, the in situ measurements were from heat dissipation probes that have a resolution of 1 kPa and are limited to pore-water pressures <10 kPa (Flint et al., 2002) . Sorbino and Nicotera (2013) compared laboratorymeasured drying soil-water retention curves with in situ data from tensiometers and time-domain reflectometry and showed that the in situ data defined a hysteresis envelope with more scatter than laboratory data. Other studies outside of landslide-prone environments have shown greater similarity between in situ soil-water retention measurements and laboratory measurements (e.g., Royer and Vachaud, 1975; Wraith and Or, 2001; Vaz et al., 2002) . There are a number of reasons why in situ soil-water retention estimates may differ from laboratory estimates for a given soil material.
The use of repacked soil samples is one potential cause of the difference between laboratory-measured and in situ soil-water retention relations. Soil samples used in the TRIM analysis were repacked to bulk densities typical of the soil depths in the Oregon Coast Range from which the samples were extracted (Reneau and Dietrich, Fig. 6. Comparison between van Genuchten (1980) wetting and drying soil-water retention relations from TRIM laboratory estimates and best-fit relations from the software RETC to field data for wetting and drying from paired soil-water content sensors and tensiometers for the SP2 and SP5 locations.
p. 10 of 15 1991; Torres et al., 1998; Montgomery et al., 2000) . Soil dry bulk density typically increases with depth in the Oregon Coast Range from 0.8 g cm −3 near the surface to 1.5 g cm −3 (Reneau and Dietrich, 1991) . Some studies have measured slightly lower bulk densities, such as Torres et al. (1998) , who observed 0.6 g cm −3 in organic-rich material near the surface and 1.2 g cm −3 near the soil-saprolite interface. The repacked bulk densities for the TRIM samples (see Table 2 ) are similar in trend and magnitude to the aforementioned values, but there may be differences in soil structure that are detrimentally affected by repacking that impact soil-water retention. There are also differences in stone content between the soils characterized by field instruments installed in situ, where weathered bedrock clasts are present (Smith et al., 2014) , vs. the repacked laboratory cores, where such clasts are excluded. The in situ soil-water contents could depend on the volume fraction and timescale of imbibition by stones, which may reduce soil-water storage at storm timescales of hours to days. The influence of stones on reducing the available water storage, thus promoting saturation development and increasing the potential for landslide initiation, was suggested by Ebel et al. (2015) for the Colorado Front Range and could also potentially promote landslides in the Oregon Coast Range. The influence of stone content in soils on landslide initiation, including differences between field vs. laboratory soil-water retention curves, is worthy of further investigation.
Additional factors that may influence disparities between field-measured and laboratory-measured soil-water retention can include temperature effects on soil-water retention relationships (Nimmo and Miller, 1986; Hopmans and Dane, 1986) , heterogeneity in soil texture and structure combined with topographic effects between the different field locations that cause soil-water content differences (e.g., Western et al., 1999) , the presence of macropores (e.g., rodent burrows and conduits from decayed roots) in field soil, and instrument noise and variability. These difficulties present an ongoing challenge to estimating soil-water retention needed to simulate the hydrologic response to rainfall in landslide-prone landscapes. An additional potential reason for the disparity in the magnitude of hydraulic hysteresis between the laboratory-and field-data-derived soil-water retention curves is nonequilibrium unsaturated zone processes, described below.
Static vs. Dynamic Capillary Pressure-Saturation Relationships
Analysis of unsaturated zone flow processes, including the work presented here, commonly relies on equilibrium concepts of surface tension (Miller and Miller, 1956) . Recent work shows that dynamic effects can impact the capillary pressure-saturation relationships embodied in soil-water retention curves (e.g., Weitz et al., 1987; Hassanizadeh and Gray, 1993; Hassanizadeh et al., 2002; Diamantopoulos and Durner, 2012) . The importance of including dynamic effects has been directly tied to the rate of change in soilwater content (Sakaki et al., 2010) . For example, Wildenschild et al. (2001) observed differences in measured soil-water retention depending on the outflow rate for laboratory outflow experiments in sandy soils with high outflow rates, particularly for one-step outflow experiments. Inverse estimates of soil hydraulic parameters from multistep outflow techniques have also exhibited sensitivity to rates of change in soil-water content (Hollenbeck and Jensen, 1998; O'Carroll et al., 2005) .
In the laboratory, dynamic effects can be reduced through slow incremental pressure steps in the multistep TRIM apparatus outflow experiments. The field measurements of in situ soil-water retention reflect uncontrolled wetting and drying by natural hydroclimatic processes and are therefore more subject to uncontrolled dynamic effects. The dynamic effects on capillary pressure-saturation relationships may cause some of the scatter in the RETC fits for the in situ soil-water retention curves and make equilibrium concepts unsuitable for analysis. These same dynamic effects may also contribute to the lack of closure (i.e., q s W ¹ q s D ) at zero suction for the TRIM measurements ( Fig. 3 and 6 ) and explain why the TRIM soil-water retention curves exhibit more pronounced hydraulic hysteresis than the soil-water retention curves from the RETC fits to the field data.
Differences in Numerical Simulations of Hydrologic Response for Field vs. Laboratory Soil Hydraulic Parameterizations
The numerical simulations of the unsaturated zone hydrologic response to rainfall show that the simulations parameterized based on RETC estimates of unsaturated hydraulic parameters from field data outperform the simulations parameterized from TRIM laboratory data. It is not surprising that parameters derived from field measurements tend to reproduce those measurements, but the disparity between the field measurements and the simulated hydrologic response using the TRIM laboratory measurements was not expected (Fig. 7 and 8) . Further insight into the reasons for these simulated differences can be gleaned by comparing the unsaturated hydraulic parameters for the 75-to 155-cm depth layer between the TRIM-( Table 2) and RETC-based (Soil Pit SP2, d in Table 3 ) simulations (also see Layer 3 in Supplemental Table S1 ). Relative to the simulated response in Fig. 7 and 8 , the most pertinent parameterization differences are the disparities in a, q r , and q s W . The RETC a values are factors of 18 and 51 larger than the TRIM values for wetting and drying, respectively, and the RETC q r values are factors of 2.8 and 3.4 larger than the TRIM values for wetting and drying, respectively (Tables 2 and 3; Supplemental  Table S1 ). The a parameter differences cause the RETC-estimated soil-water retention curve to be steeper, meaning larger changes with soil-water content for a given decrease in suction, and have near-zero air-entry values. These parameter differences cause the simulated hydrologic response using the RETC curve from the field data to have a more rapid, spiky response that more closely matches the observed response relative to the more muted response of the simulation based on the TRIM parameterization. The differences in q r cause the RETC-based simulation to remain wetter, better matching the field data, relative to the TRIM-based simulation, which dries out considerably between storm events ( Fig. 7  and 8) . The difference in q s W is also critical because it determines the water storage of the soil during the wetting process, which is typically when slope failures happen. The lower value of q s W in the TRIM-based simulation causes under-simulation of the soil-water contents, while the RETC-based simulation has q s W approximately equal to q s D to match the wetter soil conditions of the field measurements ( Fig. 7 and 8 ). Taken together, these simulated differences show the value of the field measurements for constraining the unsaturated hydraulic parameters that are critical for simulating the subsurface hydrologic response and driving simulated estimates of slope failure. These results build on the previous work from Reid et al. (2008) showing the value of hillslope monitoring systems for understanding landslide dynamics and the recent work by Bordoni et al. (2015 Bordoni et al. ( , 2017 and Thomas et al. (2018) that illustrate the value of field observations of the hydrologic response for slope stability estimates. The implications for hydrologically driven slope stability simulations are that hydrologic field observations can greatly constrain the hydraulic parameters critical to estimating rates and magnitudes of the subsurface response and that laboratory data p. 12 of 15 alone may not lead to accurate simulation of the unsaturated zone response. Furthermore, the field-based soil-water retention estimates produce simulated FS values that are nearer to failure and thus conservative relative to slope failure initiation.
Improving Estimation of Soil Hydraulic Properties
The work presented here suggests several key points for improving estimation of soil hydraulic properties (i.e., soil-water retention) from laboratory methods like TRIM and parameter fitting to field data. In porous media that are prone to dynamic effects in capillary pressure-saturation relationships, slow pressure increment steps during drying and especially during wetting may be critical during the multistep TRIM experiments. The RETC fits in Table 3 and Fig. 5 and 6 suggest that field data near q s D and q r are essential for reliable estimates of soil-water retention. Field data near zero suction during periods of drying are clearly absent in Fig. 5 Tables 2 and 3 . The results presented here reiterate the conclusion of Wraith and Or (2001) that capturing soil-water contents near saturation (also called field-saturated or "satiated" [after Miller and Bresler, 1977] ) is essential for accurate characterization of in situ soil-water retention. The tensiometers used in this work cavitate between 60 and 80 kPa, preventing capturing data near q r that are critical when using computer fitting algorithms like those used in RETC. This is clear in Fig. 5 for sites like SP3, SP6, SP7, and SP8, where further data at higher suctions are needed to capture the inflection point in the soil-water retention and prevent estimates of q r equal to zero (see Table 3 ). The importance of field data from drier conditions of high suction and low soil-water content for simulation of the unsaturated hydrologic response and slope failure was recently noted by Thomas et al. (2018) at a site in California. In the future, it may be advantageous to conduct sprinkling experiments over instrumented soil pits to capture conditions near saturation (like the experiments done by Torres et al., 1998) or to put precipitation exclusion structures over the instrumented soil pits (like experiments in the ecological sciences such as Nepstad et al. [2007] and Cleveland et al. [2010] ) to promote drier conditions and install equipment capable of monitoring higher suctions beyond the tensiometer range such as the heat dissipation sensors installed by Bittelli et al. (2012) . Topographically driven subsurface flow may reduce the effectiveness of precipitation exclusion unless a large area is treated. Given certain laboratory protocols for slow pressure increments and a more complete range of field data for in situ soil-water retention and fitting with software such as RETC, the techniques used in this study could provide more reliable information for characterizing soil hydraulic parameters for modeling of slope failure initiation. Longer data records would facilitate separating field data into training vs. evaluation data sets to determine the accuracy of training data estimates.
Conclusions
Soil hydraulic property measurements from soil samples and a 4-yr field instrumental record during wetting and drying conditions in landslide-prone terrain of the Oregon Coast Range were used to examine unsaturated-zone flow hydraulic properties that determine the hydrologic response that can cause landslide initiation. Laboratory measurements of soil-water retention during both drying and wetting processes indicate pronounced hydraulic hysteresis. The large differences in the volumetric water content at saturation between wetting and drying processes are an important feature of the hysteretic behavior observed in the laboratory measurements. Soil-water retention estimates derived from field data show considerably less hydraulic hysteresis relative to the laboratory estimates, including minimal differences in the volumetric water content near saturation between wetting and drying processes. Unsaturated-zone flow simulations comparing the laboratory-and field-derived unsaturated hydraulic parameterizations show that the field-derived estimates more closely match the magnitude and dynamics of the observed hydrologic response. Field monitoring of subsurface hydrology can be valuable for constraining unsaturated hydraulic parameter estimates for hydraulically driven landslide assessment. The results of this work also suggest that laboratory measurements of soil-water retention made under dynamic conditions may overestimate hydraulic hysteresis in areas where representing hysteresis may not be critical for simulating the subsurface response to rainfall. The in situ estimates of soil-water retention from the field data indicate that capturing conditions at both high suctions and near saturation can reduce parameter estimation problems such as q s W exceeding q s D and q r equal to zero. Experimental manipulation of instrumented soil pits such as excluding rainfall to promote drier conditions and controlled sprinkling to achieve very wet conditions may be able to achieve the broader range of hydrologic conditions needed for collection of relevant field data.
